A selective matrix separation/enrichment method, utilizing a simple batch procedure with nickel/nickel boride (Ni/NixB) nanoparticles was proposed for the determination of inorganic mercury(II), Hg 2+ and methyl mercury(I), CH3Hg + in waters prior to cold vapor-atomic fluorescence spectrometry (CV-AFS). The Ni/NixB nanoparticles, were synthesized by the chemical reduction of Ni(II) to Ni/NixB. The novel adsorbent was selective to Hg 2+ and CH3Hg + species between pH values of 4 -10. Both of the mercury species were recovered from the adsorbent using 1.0 mol L -1 hot HNO3 with high efficiency. It was observed that the adsorbent selectively removed Hg 2+ and CH3Hg + from the bulk solution in the presence of several competitor ions (As 3+ , Sb ) with ≥96% adsorption. The limit of detection (3σ above blank) was found to be 1.8 ng L -1 with a preconcentration factor of 20. The validation of the method was tested through spike recovery experiments with several water samples (tap and seawater) at μg L -1 concentration levels, and all recovery values were found to vary between 95 and 105%.
Introduction
Mercury is a one of the most hazardous environmental pollutants, which has high volatility and relatively low water solubility. 1 Although it is not abundant in nature, it can be found in air, water and soil as a result of natural and anthropogenic activities, since it plays important roles in many industrial and agricultural applications. 2 It is mobilized into the environment due to its use in several products (e.g. electrical switching equipment, batteries, paint, fungicides), precious metal extraction (e.g. gold), and its presence as an impurity in many materials (coal, metal ores). 3 Mercury and its compounds are considered to be pollutants of priority interest by the Environmental Protection Agency of the United States (USEPA). The maximum contamination level goal (MCLG) and the maximum contaminant level (MCL) are both 2 μg L -1 for the drinking water. 4 The European Community recommends a level of 1 μg L -1 mercury in drinking water. 5 Exposure to mercury ions, even at very low levels, is known to cause a wide variety of diseases in the brain, kidney, and central nervous system, which is increasingly serious problem for human beings and the environment. 6 Therefore, determining the mercury ion concentration in the environmental samples and living organisms is of great importance.
The most common methods for the determination of mercury are cold vapor atomic absorption spectrometry, 7 atomic fluorescence spectrometry, 8 X-ray fluorescence spectrometry, 9 spectrofluorometry, 10 inductively coupled plasma atomic emission or mass spectrometry, 11, 12 gas chromatography, 13 neutron activation analysis, 14 near-infrared spectroscopy, 15 anodic or cathodic stripping voltammetry, 16 and ion selective electrodes. 17 The development of reliable methods for the determining mercury at (ultra)trace levels in environmental and biological materials is still of particular significance. Due to the low permissible level of the concentration of mercury and the presence of interfering matrix components, it should be determined in environmental samples after using an effective preconcentration step. 18 A number of preconcentration procedures have been proposed for determining trace amounts of mercury, such as cloud point extraction, 19 liquid-liquid extraction, 20 ultrasound-assisted micro extraction, 21 membrane filtration, 22 co-precipitation, 23 and solid-phase extraction. 24 Among the methods, solid-phase extraction methods have advantages over other preconcentration methods which consume a small volume of organic solvent, flexible, simple, economical, and rapid with high enrichment factors. Several solid supports can be used in solid-phase extraction, such as ion-exchange resins, 25 activated carbon, 26 chelating resins, 27 silica 28 and Ni coated resin. 29 The selection of the suitable solid supports still needs to be improved for the element of interest in order to obtain high preconcentration factors, better recovery values and high selectivity.
The purpose of this study is to develop a preconcentration system for the determination of Hg 2+ and CH3Hg + in water. For this purpose, adsorbent Ni/NixB nanoparticles were synthesized in the same manner as in a recent study by Henden et al.
inorganic Hg 2+ and organic CH3Hg + was investigated for the first time. The efficiency of the adsorbent was studied as a preconcentration agent and was then tested by spike recovery tests. The samples prepared were analyzed by cold vaporatomic fluorescence spectrometry (CV-AFS).
Experimental

Apparatus and instrumental parameters
In the determination of mercury, A PSA 10.004 Merlin Plus atomic fluorescence spectrometer (Kent, UK) was used. All measurements were carried out using high-purity argon gas as a carrier and drying gas. In the determination of diverse metal ions, a Varian Spectra AA 220 FS model atomic absorption spectrometer with an air-acetylene flame (FAAS) with respective hollow cathode lamps was used. A deuterium background correction was applied. The pH measurements were performed by using an Orion 4 Star pH meter. A Nüve water bath shaker equipped with a thermostat was used for adsorption studies.
Reagents
All of the reagents used were analytical grade; 1000 mg L 2+ and CH3Hg + Hg 2+ was reduced to the elemental state using SnCl2 as the reductant, and separated from the solution in a gas-liquid separator, and swept into an atomic fluorescence detector with argon gas. Since methyl mercury cannot be analyzed directly, it was readily oxidized in a preoxidation vessel using a bromide/bromate solution prior to CV-AFS determination. For this purpose, 1.0 mL of a solution containing a 2.0% (w/v) KBr and 0.56% (w/v) KBrO3 and 1.0 mL of 1.2 mol L -1 HCl were added into 50.0 mL of a CH3Hg + standard or sample solution. The complete oxidation occured in 5 min. Then, the solution was used for the direct determination of Hg 2+ by CV-AFS.
Determinations of Hg
Preparation and characterization of Ni/NixB nanoparticles
The synthesis of Ni/NixB particles is based on the chemical reduction of Ni(II) to Ni/NixB by sodium tetrahydroborate. In order to synthesize Ni/NixB under oxic (in air) conditions, a 25-mL of 0.170 M Ni(II) was added in a 100-mL beaker and stirred on a magnetic stirrer. Then 15 mL of 4% NaBH4 solution was added dropwise in excess amount on to the Ni(II) solution while stirring on a magnetic stirrer. Black solid particles immediately appeared after the first drop of a sodium tetrahydroborate solution. After adding the whole borohydride solution, the mixture was left for another 10 min of stirring. To separate the black nickel nanoparticles from the liquid phase, ultracentrifugation technique (3000 rpm) was used for 3 min. Afterwards, solid particles were washed and centrifuged at least three times, the first with 25 mL portions of distilled water and then three times with acetone to remove all of the water. This washing process is probably the key step of synthesis, since it prevents the rapid oxidation of Ni/NixB particles. Synthesized particles were finally dried in water bath at ~85 C for 2 h under argon (99.99%) atmosphere.
Characterizations of the Ni/NixB nanoparticles were performed using various techniques, such as scanning electron microscopy (SEM), energy dispersive X-ray spectrometry (EDX) and X-ray diffraction (XRD). In addition, thermogravimetric analysis (TGA) and Brunauer-Emmett-Teller (BET) analysis were performed and surface characterizations of the synthesized materials were realized with X-ray photoelectron spectroscopy (XPS). A nickel determination in the bulk adsorbent was realized using FAAS and boron determination was done using a spectrophotometric method with azomethine-H. 30 
Adsorption/desorption studies
An accurately weighed amount of Ni/NixB was added into 20.0 mL of solutions in a 50-mL falcon tubes containing the specified concentrations of mercury species. The mixtures were shaken in a thermostated water bath at 25.0 C for a fixed period. At the end of the shaking period, the solid and solution phases were separated by filtration using Whatman blue ribbon filter paper, and then in the unadsorbed mercury of separated solutions were determined by CV-AFS. This methodology was followed to identify the pH effect on adsorption, contact time on adsorption, adsorbent amount and understand the effect of any competitive ion on the mercury species adsorption efficiency. Experimental uptake capacity, (q) (mg g -1 ), distribution coefficient and selectivity coefficient were calculated by using Eqs. (1), (2) and (3);
In Eq. (1), Ci and Ce (mg L
) represent the initial and equilibrium concentrations the metal ion, V (L) is the volume of solution and m (g) is the weight of the adsorbent in the solution. In Eq. (2), Kd is the distribution coefficient; V (mL) and m (g) represent the volume of solution and weight of the adsorbent, respectively, and in the Eq. (3), k is the selectivity coefficient, M is the target ion and X represents competitor ion. The adsorption equilibrium was also described by using two well-known isotherm models (Langmuir and Freundlich) to provide the fundamental physicochemical data and investigate the applicability of the adsorption process at a fixed temperature and pH. The equilibrium the conditions of the adsorption process were described by utilizing the linearized equations indicated by a previous study. 8 For desorption studies, the release of Hg 2+ and CH3Hg + from the adsorbent was investigated using the eluents: HNO3, HCl and EDTA. For this purpose, a usual adsorption step was applied with standard Hg 2+ and CH3Hg + solutions with 10.0 mg of the adsorbent. After shaking for 2 h, the mixture was centrifuged (3000 rpm). Then, the adsorbent and solution were separated. The adsorbents were shaken with 20.0 mL of the eluents. At the end of these periods, the solutions were filtered and analyzed. As a second route in the recovery experiments, for an alternative to desorption studies, the particles dissolved in 1.0 mL of 1.0 mol L -1 hot HNO3 and diluted to 25.0 mL before the determination of mercury.
Results and Discussion
Characterization of Ni/NixB nanoparticles
An SEM image of synthesized nickel nanoparticles at 100000× magnification is shown in Fig. 1 . An SEM-EDX analysis indicated that the spherical particles formed with a diameter of less than 40 nm. The surface area (BET), average pore width (BJH) and the pore volume of the synthesized adsorbent were found to be 94 m , respectively. Characterization of the adsorbent was performed by also using techniques such as XRD, XPS, TGA and elemental analysis. The results of these studies were described in details in the previous work performed in authors' laboratory. 30 According to data obtained in the characterization studies, the structure of the adsorbent was recommend to be NixB and Ni(0), and also Ni(OH)2 possibly formed on the particles surface. Moreover, it was reported that under oxic (in air) conditions, the structure of the adsorbent is possibly a mixture of Ni2B, Ni3B, H4Ni4BO7 and some quantities of metallic Ni.
30,31
Effect of pH
It is known that the pH is one of the most important factors that affect the adsorption process. For this purpose, the influence of the pH on the adsorption of Hg 2+ and CH3Hg + ions was investigated separately by adjusting the pH of the solutions. The pH of 20.0 mL portions of 50 μg L -1 Hg 2+ and CH3Hg + were adjusted to 4, 6, 8 and 10 using HCl or NaOH at various concentrations, 10.0 mg Ni/NixB was added into these solutions in falcon tubes, and the mixtures were shaken for 2 h. After separation of the liquid and solid phases by filtration, the solutions were analyzed with CV-AFS for their mercury concentrations. The percentage adsorption graph for the Ni/NixB as a function of pH is shown in Fig. 2 . Ni/NixB particles were able to adsorb both Hg 2+ and CH3Hg + within the initial pH ranges 4.0 -10.0. Moreover, the equilibrium pH values were determined after the adsorption step and it was observed that pH value of the solutions reached ~9 (point of zero charge, pzpc) for initial pH values between 3 and 10 (inset of Fig. 2 ). These results explain why the variations in the initial solution pH did not significantly affect the mercury adsorption efficiencies.
Moreover, Ni 2+ release from the adsorbent after Hg 2+ sorption was investigated; according to the results, no correlation was found between the Hg 2+ ion concentration and the Ni +2 ion concentration. In addition, the chemical speciation curve of Hg 2+ was also obtained using the visiual MINTEQ software in order to evaluate the chemical species present at pH ~9 (pzpc of the adsorbent). The results indicated that mercury ions exist in solution mainly in Hg(OH)2 complex form. This molecular form of mercury is not suitable for an ion-exchange mechanism. According to these results, it seems that sorption phenomena do not occur due to ion exchange; probably adsorption occurs during the sorption process.
Adsorbent amount
The dependence of Hg 2+ and CH3Hg + adsorption on the amount of Ni/NixB was studied for varying amounts of the adsorbent from 1.0 to 10.0 mg. For this purpose, 20 mL portions of 50 μg L -1 Hg 2+ and CH3Hg + solutions were shaken for 2 h at 25.0 C with specified amounts of the adsorbent for adsorption. After the usual filtration step, unadsorbed mercury concentrations in the solutions were determined. The optimum amount of the adsorbent for the maximum take up was determined by increasing the amount of Ni/NixB. As can be seen in Table 1 
Effect of the contact time
In order to determine the optimum contact time for the adsorption of Hg 2+ and CH3Hg + , 5.0 mg of Ni/NixB was added on to 20.0 mL of a 50.0 μg L -1 Hg 2+ and CH3Hg + solutions, and the solution-adsorbent mixtures were shaken for 5.0, 10.0, 20.0, 30.0, 40.0 and 50.0 min. At the end of the shaking period, the solid and solution phases were separated by filtration. The concentrations of mercury in the supernatant solutions were determined. As can be seen from Fig. 3 , quantitative adsorption (>90%) was obtained even in 5.0 min for both ions, but an adsorption time of 30 min was used throughout the study to be on the safe side.
Selectivity study
The As 3+ and Sb 3+ ions are also adsorbed by Ni/NixB particles with a high adsorption percent (≥99%). Since adsorption capacity of the newly synthesized adsorbent is very high, mercury adsorption is not the affected in the presence of these ions even at mg L -1 and μg L -1 levels.
Capacity and isotherms
The adsorption capacity of Ni/NixB for Hg 2+ was determined using a batch method. 5.0 mg portions of the adsorbent were added on to 20.0 mL of Hg 2+ solutions of varying concentration, from 1.00 to 5000 mg L -1 (prepared from HgCl2 in water) and then, unadsorbed Hg 2+ concentrations in the remaining solutions were measured by CV-AFS. The adsorption capacity of the adsorption process was calculated using experimental data. As can be seen from Fig. 4a , the amount of Hg 2+ adsorbed per unit mass of Ni/NixB increased with the initial concentration of Hg 2+ , and reached a plateau value (2500 mg g -1 ), where the adsorption capacity could be determined.
The adsorption characteristics were examined through both Langmuir and Freundlich adsorption models. Linearized forms of the models were used to calculate the coefficients. The Langmuir isotherm appeared to be linear within the range of 0 -5000 mg L -1 Hg 2+ with a high correlation coefficient of 0.9987 (Fig. 4b) . The correlation coefficient for the Freundlich isotherm was only 0.7738 (Fig. 4c) . These findings certified that the Langmuir isotherm excellently describes the monolayer adsorption process. A high total adsorption capacity value was obtained from the Langmuir equation (2500 mg g -1 ), which is in accordance with the experimental value obtained from Eq. (1) .
Moreover, the essential characteristics of the Langmuir isotherm can be expressed by a dimensionless constant separation factor, RL, which is given by Eq. (4). 32 R bC
where b is the Langmuir constant and Ci is the initial concentration of the metal ion in solution. The separation factor, RL, represent the shape of the isotherm and the nature of the adsorption process as given below. The RL value gives the nature of the process: If RL > 1 unfavorable, RL = 1 linear, 0 < RL < 1 favorable and RL = 0 irreversible. The calculated RL values versus the initial Hg 2+ concentration are represented in Fig. 4d . As it can be seen from this figure, the values of RL are in the range of 0 -1 at all initial metal concentrations. These results indicate that adsorption process is extremely favorable.
Desorption from the adsorbent
After the uptake of Hg 2+ and CH3Hg + onto Ni/NixB, its release was investigated using the eluents HNO3, HCl and EDTA (0.001, 0.01 and 0.1 M). For this purpose, firstly a usual adsorption step was applied with a standard Hg 2+ and CH3Hg + solutions; 20.0 mL of 50.0 μg L -1 Hg 2+ and CH3Hg + at pH ~7.0 was prepared into which 5.0 mg of adsorbent was added. After having been shaken for 2 h for adsorption, the mixture was centrifuged to separate the adsorbent and solution. The adsorbents were then shaken with 20.0 mL of these eluents. At the end of these periods, the solutions were filtered and analyzed for mercury species. The obtained data showed that the eluents were not able to elute Hg 2+ and CH3Hg + species from the adsorbent quantitatively. Therefore, as a second route, after the usual adsorption step, the adsorbent particles were dissolved using 1.0 mL of 1.0 M hot HNO3. The solution was diluted to 25 mL with distilled water prior to analysis with CV-AFS. It was observed that, by the dissolution of adsorbent particles in hot HNO3, mercury species were recovered with >95% efficiency. This situation restricts the use of adsorbent more than once; however, since very small amount of Ni/NixB nanoparticles (5.0 mg) is used in the adsorption experiments, the related cost is not significant.
Performance of preconcentration step
The enrichment factor is the one of the most important parameters for preconcentration studies. Therefore, it is also evaluated for mercury species using Ni/NixB nanoparticles. For this purpose, 500 mL of 0.1 μg L -1 Hg 2+ and CH3Hg + solutions were added onto 5.0 mg adsorbent and shaken for 30 min. After the adsorption equilibrium was reached, Ni/NixB nanoparticles containing the adsorbed mercury were separated using a gooch crucible under the vacuum process. Later, the particles in the crucible were dissolved with 1.0 mL of 1 M hot HNO3 and diluted to 25 mL with distilled water for mercury determination. The recovery was >98% with a preconcentration factor of 20. The limit of detection (3σ above blank) (LOD) based was found to be as 1.8 ng L -1 (n = 6). In addition, a comparison of the represented method with other reported methods for Hg 2+ is given in Table 3 . The comparison of the proposed method with the previously reported procedures indicates that the present procedure has similar, comparable and sometimes better LODs than many other analytical determinations of Hg
2+
. A high sorption efficiency and preconcentration factor, lower detection limit and good RSD values are some of the advantages of the proposed method.
Applications
The preconcentration efficiency using the novel Ni/NixB nanoadsorbent was investigated with tap and seawater samples. The water samples were filtered through Whatman black ribbon filter paper to get rid of any particles prior to use. The applicability of the mentioned method to these two samples was tested by spike recovery tests. Spiked samples were subjected to the same adsorption/desorption process as described previously. For this purpose, 0.1 μg L -1 Hg 2+ and CH3Hg + were spiked to 500 mL of tap water sample and the sample solution was then added onto 5.0 mg Ni/NixB particles. The mixtures were then shaken for 30 min. The same procedure was repeated with seawater using 1.0 μg L -1 Hg 2+ and CH3Hg + spikes to 25 mL samples, 5.0 mg Ni/NixB particles and 30 min of shaking time. After the adsorption equilibrium was reached, the adsorbents were separated and dissolved as above mentioned. Finally the solutions were diluted to 25 mL with distilled water and then mercury in these solutions was measured by CV-AFS. Blank samples were processed in the same manner. Seawater sample was found to contain 1.38 μg L -1 of mercury, whereas mercury was below the detection level in tap water. The results given in Table 4 indicated that the proposed methodology works efficiently for both tap and seawater samples where the recovery values were ≥95%.
Conclusions
It has been shown that Ni/NixB nanoadsorbent can be employed for the selective adsorption of Hg 2+ and CH3Hg + from the waters. The advantages of Ni/NixB adsorbent in terms of Hg 2+ and CH3Hg + preconcentration are that it adsorbs selectively with high efficiency in only 30 min of adsorption time, and it eliminates the need for a pH adjustment step, since the adsorbent adsorbs mercury species between a wide pH range, 4 -10. The proposed batch method is simple and suitable for the routine preconcentration and separation of Hg 2+ and CH3Hg + from water samples. In addition, Ni/NixB adsorbent could be a promising material for the removal of mercury with the advantages of fast adsorption and a very high adsorption capacity from mercury contaminated waters. .
